The role of shape, dissolution, and chemical properties of MoO 3 nanomaterials with visible light photocatalytic activity are still largely unknown. In the present study, we investigate the photodegradative properties and role of dissolution products under different pH values of three MoO 3 nanomaterials with different shapes and chemical properties (nanorods, nanowires, and nanoplates). We show that different morphologies of MoO 3 present different solubility behaviors with increasing pH (with the highest solubility occurring at pH 10), and this dissolution depends on the oxidative state and nature of the MoAO bonds, not just the size and morphology of the nanostructures. Nanoparticle dissolution seems to favorably affect the discoloration rate of methylene blue (MB) but not its photocatalytic degradation. It is important to differentiate MB discoloration as opposed to photocatalytic degradation since discoloration involves not only photocatalytic degradation but also adsorption and ion complexation processes. Our experiments for the removal of MB show that the nanorods present the best photocatalytic-based degradation activity, while the nanowires, which present the highest dissolution, decolorize MB the fastest. MoO 3 photocatalytic degradation mechanism was investigated via the quantification of nanoparticleproduced reactive oxygen species (ROS) and measurement of MB photocatalytic degradation inhibition due to the presence of ROS scavengers. According to the results, photogenerated holes in the nanomaterial govern the degradative process by allowing production of hydrogen peroxide. This study demonstrates that MoO 3 nanostructure chemical and physical properties, as well as nanostructure dissolution process, influence the photocatalytic properties of MoO 3 nanostructures.
Introduction
Recently, MoO 3 nanostructures have been described to present photocatalytic properties under visible light. Degradation of methylene blue [1, 2] and orange II dye [3] , methanol oxidation [4] , epoxidation [5] , gas sensing properties [6] , supercapacitor [7] , optical properties [8] , and lithium storage capabilities [9] have been investigated with MoO 3 under visible light. The photocatalytic performance of MoO 3 has been associated to shape, size, and chemical properties. Different synthetic strategies have shown that MoO 3 exhibits h-and aphases [10] . The h-phase corresponds to nanorods morphologies while the aphase corresponds to nanoplates and nanowires [11] [12] [13] . Control of the morphology and nanoparticle size can be achieved by varying different parameters, e.g. the concentration of reactants, time, temperature, pressure, and solvents. Despite the fact that visible light photocatalysis makes MoO 3 an attractive material for contaminant degradation, prior studies have demonstrated that dissolution of MoO 3 can occur in aqueous systems [14] [15] [16] diminishing its utility for water treatment and other applications. However, a thorough study of the dissolution and photocatalytic activity of the various phases and morphologies of MoO 3 nanostructure has not yet been conducted, to our knowledge.
Many studies have shown that other types of nanoparticles, including silver [17, 18] , silica [19] , ZnO [20, 21] , and CeO 2 [21] nanoparticles (NPs) can dissolve. The stability of the nanoparticles in terms of dissolution will depend on several factors such as presence of natural organic matter, ionic strength, and type of electrolyte, aggregation state, pH, and size [22] . In the case of organic matter, the dissolution can be increased or decreased by steric shielding or ligand-promoted processes, respectively. When ionic strength, type of electrolyte, or pH are altered, the behavior of the particles can also change and lead to increased nanoparticle aggregation, influencing the exposed surface area to the media and dissolution. Size can also play a role, whereby smaller particles are more prone to dissolving than larger particles, as described by the well-known Ostwald-Freundlich equation. In the case of MoO 3 , it has been shown, that pH changes can play an important role in the dissolution of this nanoparticle [14] . Dissolution of the NPs can be expected to change the heterogeneous catalytic reactions that occur at the NP surface and perhaps even affect the production of reactive oxygen species (ROS). The dissolution behavior of the nanoparticles is critical in determining both the toxicity and reactivity of the nanoparticles. This phenomenon will also be harmful in water treatment not only due to the toxicity effect of the dissolved ions but also because the catalytic process that consumes the catalyst are typically cost-prohibitive.
Previous investigations have shown that the production of reactive oxygen species (ROS) play an important role in photocatalytic reactions. The quantification of individual ROS is a prerequisite to elucidate actual ROS functions in photocatalysis. The production of different ROS by TiO 2 [23] [24] [25] [26] , graphene oxide [27] , silver [28] , ZnO [26, 29] , and iron oxide [30] is well studied. However, the production of ROS by photocatalysts induced by visible light, specifically MoO 3 , have not been reported thus far. In the present study, we take into consideration the role of pH in the dissolution of MoO 3 nanostructures as well as the effects of dissolution in ROS production and degradation of methylene blue (MB), as an example of a water contaminant, to understand the mechanisms of the photocatalytic degradation of MoO 3 nanostructures. We hypothesize that MoO 3 nanostructures with different material properties will show different propensities to dissolve, and that the dissolution behavior will then change the photocatalytic ability of the NPs.
Materials and methods

Materials
Ammonium molybdate tetrahydrate ((NH 4 ) 6 Mo 7 O 24 Á4H 2 O), nitric acid (HNO 3 ), molybdenum powder (1-5 lm, !99.9%), hydrogen peroxide (H 2 O 2 ), ethanol (EtOH), methanol (MeOH) HPLC grade, furfuryl alcohol, terephthalic acid, isopropanol (>99.7%), benzoquinone (AR grade), triethanolamine (>99.0%) and methylene blue were purchased from Sigma-Aldrich and were used as received. Glutathione and 5,5 0 -Dithiobis (2-nitrobenzoic acid) (Ellman's reagent) were supplied by Fisher Scientific.
Synthesis
The MoO 3 nanomaterials were synthesized by the hydrothermal route using modified published procedures [3, 31, 32] . Briefly, the modifications were: the nanorod MoO 3 nanostructure were prepared by dissolving 2.46 g of (NH 4 ) 6 Mo 7 O 24 Á4H 2 O in 20 mL of distilled water (DIW). To this solution, 5 mL of HNO 3 was added drop by drop. The solution was transferred to an 80 mL Teflonlined stainless-steel autoclave and heated at 90°C. After 3 h of reaction a white precipitate was collected and washed several times with EtOH (70%) and then dried at room temperature.
Black MoO 3-x nanoplates and nanowires were prepared according to the procedures reported by Yin et al. [32] with some modifications. For the nanoplates, 192 mg of molybdenum powder was added to a Teflon vessel (45 mL) containing 24 mL of ethanol under magnetic stirring. Then, 3 mL of H 2 O 2 (30%, from Macron Fine Chemicals) was injected, and the mixture was stirred for 0.5 h to obtain a yellow solution. The Teflon vessel was then sealed in a stainless-steel autoclave, heated, and maintained at 160°C for 14 h. The product was collected by centrifugation, washed with ethanol several times, and finally dried under vacuum. The nanowires were prepared using the same procedure as the black nanoplates except using 384 mg of molybdenum powder, 30 mL of isopropanol, and 5 mL of H 2 O 2 (30%, from Macron Fine Chemicals).
Nanomaterial characterization
Crystallographic information of samples was determined by Xray diffraction (XRD) (Philips X'pert Pro X-ray diffractometer). The Cu Ka radiation was used (k = 1.54 Å) at a scanning rate of 0.020°p er second from 5°to 80°in 2h. The voltage was set to 40 kV, and the current to 40 mA. Crystal sizes of the samples were estimated from the full-width at half-maxima (FWHM's) of some intense XRD diffraction peaks using Scherrer's method.
Fourier-transform infrared spectroscopy (FTIR) was performed in a Thermo Scientific Nicolet IS50 FTIR Spectrometer in the wavenumber range from 4000 to 500 cm À1 . The ATR-FTIR was employed to evaluate the interaction between MB-MoO 3 and MB-ion. After each reaction, samples where centrifuged for collection of the pellet, which were subsequently freeze-dried. The spectra were obtained on a Digilab FTS 7000 equipped with a HgCdTe detector from 4000 to 600 cm À1 wavenumbers.
The morphology of crystal samples was examined by scanning electron microscopy (SEM). Samples were coated with gold for 30 s (Denton Desk V) and then, observed by SEM (Nova NanoSEM 230) at accelerating voltage equal to 5 kV at different magnifications. The size of the nanomaterials was estimated using ImageJ. MATLAB 2018a was used to generate histograms and determine the average particle sizes.
The Brunauer-Emmett-Teller (BET) surface area for all nanomaterials were measured by N 2 physisorption using a Micromeritics-3FLEX and standard multipoint BET analysis methods. Prior to analysis, 0.2 g of powder were degassed on Micromeritics-Smart VacPrep at a 120°C for 24 h. X-ray photoelectron spectroscopy (XPS) was performed in a PHI Quantera SXM Scanning X-ray Microprobe with Al Ka (1486.6 eV) as the excitation source. The binding energy was calibrated by setting the adventitious carbon (corresponding to C-C bonds) to 284.8 eV. High-resolution spectra were acquired with a pass energy of 23.5 eV, an energy step size of 0.2 eV, and a time step of 50 ms.
Energy band gap measurements where performed by UV-vis Diffuse Reflectance Spectroscopy (UV-vis DRS) and were recorded in a Hitachi UV-vis Spectrophotometer U-2001 using BaSO 4 as the reference. The bandgaps were determined based on the Kubelka-Munk function: F(R) = (1 À R) 2 /2R. Zeta-potential measurements were performed in a Zetasizer Nano (Malvern) using the zeta potential transfer standard DTS 1235. The samples were measured with 100 mg/L of each nanomaterial at pH values varying from 2 to 10, adjusted with either HCl or NaOH.
Dissolution measurements of MoO 3 nanostructures at different pH values
Dissolution experiments were conducted at different pH values (2, 5, 7 and 10) and at room temperature (%25°C). A mass of 10 mg of MoO 3 nanostructure was dispersed in 30 mL of deionized water with adjusted pH using either HCl or NaOH prior to the addition of the nanostructures. The nanostructures' dissolution was evaluated for up to seven days (after 30 min, 1 h, 4 h, 6 h, 24 h, 48 h, 96 h, and 168 h in solution). For each time point, a 5 mL sample was taken and filtered with 0.2 lm Nylon filters, and then centrifuged using Amicon ultrafiltration devices (30,000 NMWL) to ensure that all solid particles were removed from the solution. After the filtration, the solutions were measured by flame atomic adsorption spectrometry (AAS) (AAnalyst 200, Perkin Elmer) using a Molybdenum lamp from Perkin Elmer. Five standard solutions with known Mo concentrations were prepared as calibration standards. Exact concentrations of Mo in the sample solutions were obtained using the working calibration curve generated from the standard solution data. The averages and standard deviations of triplicate measurements were reported for all dissolution measurements. The supernatant of each experiment was collected and characterized by XPS and UV-vis, to determine the nature of the ion.
The isolated ions from the nanorods were also employed at a concentration of 500 mg/L for the evaluation of their interaction with MB using UV-Vis spectroscopy. The degradation of MB by the ions was investigated via HPLC. The ROS production by the ions followed the same procedures as the ROS production by the nanostructures as described below. The conditions and instrument settings used for the HPLC, ROS and UV-Vis were the same as described below for the nanostructures.
Photocatalytic activity experiments
Photocatalytic experiments were carried out at different pH values, varying from 2 to 10 to measure the amount of discoloration of methylene blue (MB) in aqueous suspensions of MoO 3 , which were exposed to visible light (Nexlux LED light, which utilizes the 5050 RGB LED package with a wavelength range of 400-700 nm and maximum luminous intensities of 100, 400, and 100 mcd for the red, green, and blue regions, respectively). The initial concentration of MB was fixed at 50 mg/L with a catalyst loading of 500 mg/L and a final volume of 20 mL. Prior to photooxidation, the solution was stirred in the dark for 30 min to establish an adsorption-desorption equilibrium [2, 33] . During irradiation, 1 mL of the mixture solution was withdrawn every 30 min, and then centrifuged (Thermo Scientific Sorvall Legend XTR Centrifuge) at 10,000 rpm for 10 min to separate photocatalysts from the mixture. The extent of MB removal was determined by measuring the absorbance values on a UV-Vis spectrometer using a SynergyMX Microtiter plate reader (Biotek) at k = 664 nm. The experiments were performed in triplicate. The results were analyzed and reported as discoloration of MB or MB photocatalytic degradation. The data for the MB discoloration in the light included both adsorption of MB to the nanoparticle, complexation of MB with the dissolved MoO 3 ion, and photocatalytic degradation. For the discoloration in the dark, any MB discoloration reported corresponded to adsorption of MB to the nanoparticle and complexation with the ion. In both conditions, dark and light, we needed to consider the complexation process between the dissolved MoO 3 ions and MB. In the case of photocatalytic degradation, the data corresponded to the true photocatalytic activity of the nanostructure. To obtain the true photocatalytic degradation, the discoloration of MB at the end of the light reaction (which included adsorption, complexation, and degradation) was subtracted from the MB discoloration at the end of the dark reaction (which included adsorption and complexation).
Reactive oxygen species detection
Reactive oxygen species (ROS) detection was evaluated from pH 2 to 10 by quantifying the production of different species. The concentration of singlet oxygen ( 1 O 2 ) was determined by monitoring the concentration of furfuryl alcohol (FFA), as previously described [27] . Hydroxyl radical ( OH) was evaluated by the analysis of the degradation of terephthalic acid [27] . The loss of thiol in glutathione (GSH) was used as an indirect method to measure hydrogen peroxide (H 2 O 2 ) production by nanomaterials [34, 35] .
Loss of glutathione
MoO 3 nanostructures and ions, were investigated for hydrogen peroxide production in triplicate by measuring the loss of thiol in GSH. Briefly, 0.4 mM GSH was allowed to react for 2 h at room temperature with samples containing 500 mg/L of MoO 3 or [MoO 4 ] 2À . Negative controls with non-oxidative agent (H 2 O 2 ), and positive controls containing hydrogen peroxide (30%) were also measured. All the samples where tested in dark and light conditions, after which 100 mM of Ellman's reagent in Tris-HCl 100 mM was introduced into each tube and allowed to react for 10 min. Then, the nanostructures were removed by filtration using a 0.2 lm syringe filter (Corning, U.S.A.). The absorbance of the filtrate was read at 412 nm using a Synergy MX Microtiter plate reader to measure the loss of thiols. The results were expressed as the loss of GSH and represented by Eq. (1) [34] .
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Hydroxyl radical
The production of hydroxyl radical was evaluated via the analysis of the hydroxylation of terephthalic acid (TA) to form fluorescent species. The fluorescent species of 2-hydroxylterephthalic acid was measured at 425 nm in the Synergy MX Microtiter plate reader. Negative controls (without MoO 3 ) and positive controls (TA) were also analyzed. A concentration of 500 mg/L of the nanostructures or [MoO 4 ] 2À were allowed to react with 2 mM of TA. After 2 h, the nanostructures were removed by filtration with 0.2 lm nylon filters, and the 2-hydroxylterephthalic acid generated in the samples were quantified by fluorescence using a Synergy MX Microtiter plate reader. The fluorescence intensity was read at an emission wavelength of 425 nm in the fluorescence spectra for 312 nm excitation wavelength [27, 36, 37] . The results were expressed using Eq. (1).
Singlet oxygen
Singlet oxygen species were evaluated from previously reported methods [38, 39] . Briefly, 500 mg/L of each nanoparticle or the isolated ion were mixed with 0.5 mL of furfuryl alcohol (10 lM). Positive and negative controls without nanostructures were analyzed. When the reaction was completed, after 2 h, the nanostructures were removed by filtration using 0.2 mm nylon filters and analyzed by high performance liquid chromatography (HPLC). The chromatographic measurements were carried out on a HPLC Agilent Technologies 1290 Infinity with a Zorbax Eclipse Plus C18 4.6 Â 15 0 mm, 5 mm column. The mobile phase was H 2 O:MeOH (80:20)%. The flow rate was 1 mL/min, and the injection volume was 20 mL. The concentration of 1 O 2 was calculated by the integration of the peak area for k = 219 nm observed at a retention time of 2.6 min in the chromatographs and expressed by Eq. (1).
Product analysis and identification
The MB and its degraded products were separated and identified based on the literature [40] . The MB degradation products were analyzed and separated on the HPLC system described above, with the UV-vis diode array detector set to record the absorbance at 600 nm. The mobile phase was made from acetonitrile (solution A) and buffer solution (solution B). The buffer solution was 0.1 M ammonium acetate and acetic acid (pH 5.3). The gradient elution was a linear gradient from 5% A to 95% A in 30 min, at a total flow rate of 0.8 mL/min, and the injection volume was 100 mL.
Scavenger experiments
Isopropyl alcohol (IPA), triethanolamine (TEOA) and pbenzoquinone (p-BQ), were added to the reaction in order to evaluate the degradation mechanisms. The experiments were performed for the nanorods at pH 5.4 employing the same procedure as the one described in the photocatalytic activity experiments. Briefly, 50 mg/mL of MB with 500 mg/L of the nanomaterial in a final volume of 20 mL was prepared. To each reaction, 10 mM of TEOA, 75 mM of IPA and 1 mM of p-BQ were employed. After 30 min stirring in the dark to establish an adsorptiondesorption equilibrium, the samples were irradiated. An aliquot of 1 mL of sample was collected every 30 min and then centrifuged. The absorbance at k = 664 nm was measured to analyze the discoloration of MB.
Results and discussion
Synthesis and characterization of the nanostructures
Three MoO 3 nanostructures with different morphologies were successfully synthesized, as shown in Fig. 1 . All the nanostructures showed smooth surfaces, as well as regular and monodisperse shapes and structures. The nanowires and nanorods presented diameters in the range of 59 nm and 180 nm, respectively. The nanoplates had a thickness around 74 nm and a width of approximately 180 nm. Both the nanorods and nanowires presented lengths greater than 5 lm.
The chemical and crystalline structures of the nanostructures were determined by XRD, FT-IR spectroscopy, and XPS. XRD patterns for the MoO 3 nanostructures are shown in Fig. 2 . The strong diffraction peaks demonstrate that the samples are highly crystalline. For the nanoplates and nanowires most of the peaks for these samples were indexed as orthorhombic MoO 3 (JCPDS -35-0569) and for the nanorods as hexagonal (JCPDS -21-0569). Using the Scherrer equation [41, 42] and the FWHMs, the crystal sizes of the nanowires, nanoplates, and nanorods were calculated to be 32 nm, 29 nm, and 33 nm, respectively. The difference in sizes with those of the extrapolated sizes from the SEM images could be due to peak broadening caused by crystal lattice strain or lattice defects [43] [44] [45] .
The specific surface areas of the prepared MoO 3 nanostructures are presented in Table 1 . The surface areas obtained were 28.5 m 2 / g, 26.1 m 2 /g, and 1.1 m 2 /g for the nanoplates, nanowires, and nanorods, respectively. Comparatively, the different MoO 3 nanostructures obtained showed different surface areas, which was inversely proportional to the nanostructure sizes.
The normalized FT-IR spectra of the MoO 3 nanostructures were done at wavenumbers 520, 537, and 564 cm À1 for the nanorod, nanowire, and nanoplate spectra, respectively, and are shown in Fig. 3 . The peaks around 972, 969, and 984 cm À1 were associated with the Mo@O stretching vibration. The peaks around 896, 708, and 840 cm À1 were associated with the MoAOAMo stretching, and the peaks at 517, 555 and 538 cm À1 were the result of the OAMo 3 single bonds [46] [47] [48] . The weak peaks located around 1400 and 1600 cm À1 were related to the presence of the crystallization of water in the crystals of the MoO 3 nanostructures. The nanorods showed peaks in the 800-1000 cm À1 and 500-600 cm À1 ranges indicating presence of the Mo@O bond and MoAO bonds, respectively. Similarly, the nanoplates presented both bond types as the nanorods. However, the nanowires seemed to have an increased presence of single bonds as observed with the 538 nm peak. The nanoplates did not have such a strong presence of the MoAO single bonds. The Mo@O to MoAO ratios shown in Table 1 confirmed this analysis since the nanowires double bond to single bond ratio was nearly half of that of the nanorods and nanoplates. Furthermore, the MoAOAMo peak in the nanoplates was shifted compared to the nanowires and nanorods, which was potentially caused by lattice distortion since the nanoplates have a significantly higher concentration of oxygen vacancies [49] than the other two nanomaterials, as shown in Fig. 4 .
The surface chemistry of the nanostructures as well as the chemical states of the MoO 3 nanostructures were analyzed by XPS, as shown in Fig. 4 . The Mo 3d spectra for all the nanostructures present different oxidative states. The spectrum for the nanorods showed presence of the binding energy (E B ) (Mo Table S1 shows all the fitting parameters of the XPS spectra for all the nanomaterials. In Table 1 , the calculation of the ratio of peak/area is shown. As we can see, the different morphologies showed different fractional amounts of Mo 6+ and Mo 5+ , indicating that the nanostructure with a higher amount of Mo 5+ contained large quantities of oxygen (O) vacancies, which have been introduced during the synthesis of the nanomaterial. Typically, the presence of these vacancies causes a deficiency of O in the crystal structure, which causes a decrease in the energy band gap [50] as evident in Table 1 . This decrease in the energy band gap is desirable as previous studies have shown that it can increase the photocatalytic properties of the material by allowing greater absorption of light [51] . The bandgaps of all three material were less than 3 eV ( Fig. S1 ) making the material capable of generating photoexcited electrons via the absorption of visible or UV light, especially considering that the nanowires and nanoplates were able to absorb light due to their localized surface plasmon resonance. The heavily doped nonstoichiometric molybdenum oxide (MoO 3 ) is a typical and primary member of plasmonic semiconductors. It shows intense and tunable plasmonic resonance across the visible and NIR regions [52] [53] [54] . Due to the presence of oxygen vacancies (highly self-doped) and the free electrons, the dark MoO 3-x samples always show a plasmonic absorption in the vis-NIR region. This kind of absorption peak has been observed in our nanowire samples ( Fig. S1b , peak at above 800 nm). However, due to the limited sensitivity of our device, it is not possible to identify the plasmonic absorption of the nanoplates sample, which is the darkest one and it absorbs almost all the visible light. While from the XRD patterns the nanowires and nanoplates appeared to have similar crystal structures, in the XPS the nanowires and nanorods appeared chemically more similar. This could be a result of the growth mechanism during synthesis resulting in different O vacancies in each nanostructure. Based on these results, the composition of the nanorods and nanowires nanostructures was similar regarding the oxidation states, however their structure was different due to the different growth mechanisms during synthesis. The differences in the chemical and physical structure of these nanomaterials could affect their stability, which is discussed later based on the dissolution stability of the different MoO 3 nanostructures. Furthermore, the differences in the morphology, surface area, and oxidative state, enhance the probability of the electron transition from Mo 5+°v alence band to Mo 6+°c onduction band.
Stability of MoO 3 nanostructures in aqueous solutions
Previous studies have described that the dissolution rate of nanoparticles can be affected by the size, crystallinity, shape, surface area, and exposed plane, among other factors [22] . The dissolution of the MoO 3 nanostructures was analyzed from pH 2-10 for a period of 1 week, as shown in Fig. 5 . Interestingly, for all the nanostructures, the dissolution was only partial, i.e., the nanostructures did not dissolve completely (i.e., up to 100 mg/L of MoO 3 was dissolved) and eventually reached a plateau. The nanowires dissolved the most (e.g., around 80% (260 mg/L of MoO 3 ) after 1 week at pH 10), compared to the nanoplates, which presented the lowest dissolution (<20% at all pH conditions). These results seem to be directly correlated to the presence of the MoAO single bonds and double bonds, as well as the different oxidative states. For instance, the nanowires presented the highest dissolution as well as the strongest presence of MoAO single bonds as seen in the FTIR results compared to the nanoplates (Fig. 3 ). In the case of the oxidative state, the nanoplates presented Mo 5+ state as opposed to the nanowires and nanorods that had Mo 6+ oxidative states and also higher dissolutions (Table 1) .
Further analysis of the Mo ionic species dissolved through XPS and UV-vis spectroscopy (Fig. S2) showed that for all the nanostructures, the primarily dissolved ion was Mo 6+ . These results are in accordance with the literature that the majority of the dissolution of the nanostructures are with Mo 6+ oxidative state (e.g. nanowires and nanorods) [55] [56] [57] [58] . Aqueous solutions of Mo 6+ ions have been studied in detail showing a dependency on the ion concentration and pH. The Pourbaix diagram of the Mo-system has been extensively studied and is used to study the stability of compounds 
It is noteworthy to mention that MoO 3 dissolution is pH and temperature dependent and these structures are more stable at acidic pH rather than neutral and basic.
In our study, dissolution increased when the pH increased for all the nanoparticles. Furthermore, material dissolution was higher coincidently with the increasing presence of MoAO single bonds (i.e. nanowires > nanorods > nanoplates). These results suggest that the dissolution mechanisms can happen due to MoAO single bonds since single bonds are more labile than double bonds.
In summary, the dissolution of the MoO 3 nanostructures depends on the pH of the media. The higher the pH is, the greater the dissolution. While it has been shown that nanoparticle dissolution is highly dependent on different factors, such as the crystal size and morphology, the extent by which the particles dissolve in solution, however, seems to be also dependent on the oxidation state and type of oxygen bonds found in the nanostructure [17] .
MB Interactions with MoO 3 nanostructures
Initial investigation of the interaction of MB with the nanostructures was determined via ATR-FTIR (Fig. S3 ). The results showed that the nanostructure surface adsorbs MB. The differences between the ATR-FTIR spectra of the MoO 3 with MB in the dark and light showed the combination of bands of MoO 3 and MB and also a small shift to higher cm À1 for some of the bands. For instance, the MB band at 880 shifted to 897 in the dark and to 884 in the light, and the MB band at 1596 cm À1 shifted slightly to 1601 cm À1 and 1602 cm À1 for MB adsorbed to the nanostructure in the light and dark, respectively. To estimate the electric charge on the nanostructure surface and elucidate the ability of MB to adsorb onto the nanostructures, zeta potential measurements were performed. The magnitude of the zeta potential provides information about particle stability. Fig. S4 represents the zeta potential for all the nanostructure vs. pH. When the pH of the media increased, the zeta potential values for the nanorods and nanoplates decreased, while the zeta potential for the nanoplates increased slightly before decreasing slightly again. These patterns follow the degradation pattern due to light, as illustrated in Fig. S5 , indicating that, due to the increasingly negative surface charge at higher pH values, the degradation decreases. This could be caused by the increased adsorbance of the MB (a positively charged molecule) to the nanostructure at higher pH values, which would decrease the ability of the nanostructure to absorb light. It could also be caused by the facilitated conversion of holes to hydroxyl radicals at high pH values [64] . Since the holes are more active than hydroxyl radicals in this reaction, the conversion would result in a decline of the activity.
To verify whether degradation of MB or mere adsorption or complexation was taking place, XPS was utilized. The XPS results on the surface of the nanostructure (Fig. S6 ) showed a decrease in the pyridinic acid band when compared to the MB alone, indicating that photocatalytic degradation of MB is taking place. Furthermore, the decrease in the N quaternary was greater for the samples that were irradiated than for those kept in the dark.
The fact that all the nanostructures exhibit similar behavior with regards to their ability to decolorize MB; however, the evaluation of the degradation byproducts of MB was performed only for the nanorod MoO 3 . Fig. S5 shows the chromatographic separation of the methylene blue in dark and light conditions after 2 h of reaction at pH 5.4. The data showed that MB was significantly degraded under light irradiation, while some adsorption was observed when the reaction was placed in the dark. The decrease in the methylene blue peak intensity and the appearance of new peaks at lower retention times have been reported previously [64] . Consequently, photocatalysis of dye solutions not only caused its discoloration, but also an appreciable degree of transformation of the dye molecule.
In the case of the ions, the HPLC results of the reaction between the ions and methylene blue also showed some degradation byproducts. From the results, when the reaction was performed in the dark (Fig. S5 blue curve) , the chromatograms did not show any peaks at lower retention times as opposed to light. The strong interaction between methylene blue and the isolated ions was confirmed with the ATR-FTIR spectra. In the spectra, it was possible to observe a decrease in the OH band for the ion-MB spectra, and the appearance of the MoO 3 band at 550 cm À1 (Fig. S7 ). This result showed that a MB-Mo ion complexation was happening during the reaction. Fig. S8 showed a blue precipitate when the ion was in contact with MB. The small contribution of the ions in the degradation process and the complexation observed by ATR-FTIR showed that both processes were happening simultaneously. That means that the peaks observed in the chromatogram are degradation byproducts and not complexes. These results confirm that the ions were also participating in the degradation process.
Photocatalytic activity of the nanostructures and ions with MB
In this investigation, we tried to understand the role of the nanostructures' characteristics in relation to their ability to decolorize MB, i.e. simultaneous adsorption, ion-MB complexation, and photocatalytic activity, and true photocatalytic activity (Fig. 6 ). In the discoloration assay ( Fig. 6) , adsorption, complexation with the ion, and photocatalytic phenomena were reported for the light exposure, while in the dark only adsorption and ion complexation were observed. Fig. S9 shows the relative emission intensity of the lamp and the MB absorbance spectra. There is a small overlap in the emission wavelengths of the LED light and the absorbance of MB. While MB is capable of absorbing some of the light emitted by the LED light, it does not influence the absorption of the nanomaterial, as the majority of the light emitted by the lights falls outside the region of light absorbance by MB (Fig. S9 ). In the case of the photocatalytic percentage discoloration (Fig. 6) , the photocatalytic activity, after subtraction of the discoloration reaction of MB in the dark and light conditions, was reported to show the amount each material was able to decolorize solely due to the influence of the light exposure, i.e. photocatalysis (Fig. 6 ). All three materials were able to decolorize MB as shown in Fig. 6 , however, the nanorods displayed greater photocatalytic percentage discoloration, therefore was considered to have the best photocatalytic activity. While the nanowires displayed the fastest discoloration activity due to the influence of their increased dissolution, they displayed the least photocatalytic activity.
In the case of the rate of discoloration of MB, herein defined as the time it took for each nanomaterial to decolorize MB, shown in Fig. 6 as the final timepoint of each discoloration experiment. The results show that the nanowires had the fastest reaction rate, which was capable of decolorizing MB after 90 min. The nanorods, on the other hand, decolorized MB after 210 min, and the nanoplates after 300 min. The rate at which each nanostructure decolorized MB could be explained in terms of the stability of the nanostructure. The nanowires, which were the particles that showed the highest dissolution, were the ones showing the highest reaction rate.
These results indicated that the photocatalytic activity of the material was not directly or completely related to the band gap energy of the material or the relative percentages of the different oxidation states of the Mo ( Table 1 ). The nanorods presented the highest photocatalytic activity, while they had the second largest band gap and the largest ratio of Mo +6 to Mo +5 ions. The nanoplates presented the lowest photocatalytic activity, even though they had the smallest bandgap and smallest ratio of Mo +6 to Mo +5 ions. This indicates that while a smaller band gap can be beneficial in allowing greater absorption of light, the more defects and absorption of visible light by mid-gap states may not be efficient for exciton generation. Hence, based on these results, the oxidation state seems to be also playing a significant role in the material's photocatalytic properties.
In order to confirm the role of dissolution on the photocatalytic activity, the photocatalytic degradation results of MB by the nanostructures were compared against the nanostructure dissolution at the end of each reaction at different pH values as shown in Fig. 7 to understand the role of dissolution on degradation of MB. Increasing the pH from 2 to 10 resulted in enhanced dissolution of the nanorods and nanowires by 40% and 60%, respectively, which was accompanied by an increased decolorization of MB. However, the difference in dissolution of the nanoplates did not show a detrimental impact on the degradation of MB, likely because of the lower extent of dissolution of the nanoplates (<20% at all pH values over the experimental period). These results showed that the more dissolution exhibited by the nanostructure, the less degradation of MB was observed. This can be due to a competition mechanism between the ion and the nanomaterial. While the nanostructure is dissolving, a competition between ion-MB and nanostructure-MB to either form a complex or degrade the MB, respectively, is happening.
Role of reactive oxygen species on the degradation mechanism of MB
The photocatalytic degradation mechanism by the MoO 3 nanostructures has been associated with the production of reactive oxygen species. In this study, the production of different ROS was evaluated for all three nanomaterials to better understand the degradation mechanisms of MoO 3 nanostructures under visible light. Figs. 8-10 represents the production of OH À , 1 O 2 and H 2 O 2 radicals at different pH values, since pH clearly showed an important role in the photocatalytic activity of the MoO 3 nanostructures. Among the three different MoO 3 structures investigated, the nanorods produced the most ROS, which explains the increased photocatalytic activity of this nanomaterial as seen in Fig. 6 . In fact, the presence of light directly affected the ROS production of the nanorods, as seen in Fig. S10 .
More importantly, all three nanomaterials showed production of ROS even in dark conditions indicating that the nanomaterial not only have photocatalytic properties, but also catalytic properties. Production of ROS in the dark is not novel in photocatalytic material as a number of studies report this phenomenon [65] [66] [67] . Furthermore, the production of ROS increased with increasing pH values. It is well-known that different radicals are produced at different pH values, and pH plays an important role in the generation of ROS. [68] Fig. S10 shows the contribution of ROS production due to the introduction of visible light for the different nanostructures at the different pH values. As we can see, the increase in pH increased the concentration of hydroxyl ions in solution, which can promote the formation of H 2 O 2, following oxidation reactions leading to the formation of singlet oxygen or undergoing reduction by forming hydroxyl radicals. The low amount formation of 1 O 2 can be explained because the singlet oxygen radical is not produced via electron transfer process [69] .
Interestingly, if we compare the degradation results in Fig. 6 with the production of the ROS in Figs. 8-10 , specifically the hydrogen peroxide production of the nanorods, nanowires, and nanoplates, we see similar patterns indicating that the most probable primary species responsible for the degradation of MB is hydrogen peroxide. For instance, with increasing pH, the hydrogen peroxide production contribution from the light by the nanorods and nanowires generally decreases as does the % degradation in Fig. 6 . However, the hydrogen peroxide production of the nanoplates increases slightly and then remains approximately the same at pH 2, which corroborates the % degradation in Fig. 6 , where the same pattern is observed. The ROS from the isolated ions produced by the nanostructures were also evaluated in the present study. In Fig. S11 , it is evident that the ion resulting from the dissolution of the nanomaterial can have degradative effects due to ROS production. In the dark condition, hydroxyl radical and hydrogen peroxide production were not significant, while in the presence of light, there was a significant increase in these ROS. This finding signifies that the dissolved ions from the nanomaterial can also contribute to the degradation of MB. ROS production by molybdate ion can undergo a Fenton-like reaction in water and produce ROS [70] [71] [72] [73] .
In order to further understand the role of ROS in the photocatalytic mechanism of the MoO 3 nanostructures, we employed ROS scavengers and a hole scavenger. Isopropyl alcohol (IPA) was employed to trap Å OH, triethanolamine (TEOA) scavenges h+ and benzoquinone (BQ) scavenges Å O 2 À [2, [74] [75] [76] . These scavengers were added to the reaction and the degradation results are shown in Fig. 11 . The greatest effect in the presence of ROS scavengers was seen with the addition of TEOA, which is a hole scavenger, as shown in Fig. 11 . Only with the presence of TEOA all three nanomaterials were unable to completely decolorize MB, indicating that the production of holes plays an important role in MB degradation. How-ever, when the reaction took place in the dark in the presence of TEOA, no discoloration was observed. In this case, TEOA seemed to act as a competing adsorbent able to inhibit the MB adsorption on the surface of the nanostructures. Furthermore, this confirms that the likely pathway by which hydrogen peroxide is generated is via the oxidation of water molecules by the photogenerated holes. In addition, hydrogen peroxide is the most likely primary 
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Nanowires Nanosheets species responsible for the degradation of methylene blue since, when hydroxyl and singlet oxygen scavengers were added, complete degradation of MB was still possible. Interestingly, when isopropanol was present (a hydroxyl radical scavenger) the photocatalytic reaction became more efficient. A possible explanation could be that the generation of additional water molecules from the isopropanol and hydroxyl radical reaction may be oxidized by the photogenerated holes, further increasing hydrogen peroxide concentrations.
Conclusions
In the present work, we have successfully synthesized MoO 3 nanostructures with different sizes, morphologies, and properties. We have demonstrated that the dissolution process also depends on the oxidative state, and nature of the MoAO bond. For instance, the nanoplates, which contained more Mo 5+ than Mo 6+ , dissolved less than the nanorods which had more Mo 6+ rather than Mo 5+ in their structure. The dissolution process reported here shows that MoO 3 nanostructures are not suitable for most water treatment applications due to high solubility at the pH employed in drinking water. These results suggest that more research should be done in order to improve the stability of these nanostructures rather than present photocatalytic studies of different organic molecules. Given the limitations of this material it is not surprising that TiO 2 is more heavily utilized, as this nanomaterial is an extremely insoluble.
The photocatalytic experiments of methylene blue showed that the photocatalytic degradation of MB is influenced by the dissolution of the nanomaterials. Furthermore, there is a relationship between the degradation and complexation process. The dissolved ions can play an important role in the photocatalytic activity of the nanostructure. As shown in the HPLC experiments, the ion not only produces a complex between the MB, but it is also able to degrade MB.
While ROS production and subsequent degradation of MB were observed by the nanomaterial, some ROS production was observed by the dissolved product of the nanomaterial. We also quantified the production of different ROS and we saw that hydrogen peroxide is the most important ROS responsible for the degradation of MB. The analysis of the ROS and the employment of different scavengers showed that H 2 O 2 and the photogenerated holes in the nanostructures play a role in the degradation process of methylene blue. The photogenerated holes increased the oxidation of water molecules while increasing the concentration of H 2 O 2 , the ROS responsible for the degradation of MB.
